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Abstract

In this research, the adsorption mechanism of pesticides including atrazine, 2,4-D,
dichlorvos, and pymetrozine, and biochar acid modification including corn cob, rice husk,
bagasse, and coconut fibre were investigated. The four kinds of biochar were synthesised at
different pyrolysis temperatures and holding times in oxygen-limited conditions. The biochar
were modified by acid fo remove minerals and to improve porosity and specific surface area,

The adsorption experiments of all of the biochar with atrazine were performed to

determine the best biochar through comparing their adsorption capacities. The best synthesis
conditions of biochar wsing HCI modification and performance in atrazine adsorption were

... selected for modification with acids (HCI, HF, H2S0Q4, HF-HCI, HF-H;SOy, and HCI-H>S804).
After modification of the biochar with acids, it became an efficient adsorbent for the

performance of atrazine adsorption. The effectlveness of the different acids for biochar
modification were compared. The most effective biochar was selected along with the acid

MIXIUTe,

The characteristics of the optimum biochar were determined including surface
motphology (SEM), specific surface area (BET), the functional groups (FT-IR method), the
point of zero charge (pll,.). the surface chemistry of biochar (Boehm titration method), and the
hydrophilic property (Contact angle method). The optimum biochar conducted the adsorption
with the pesticides including atrazine, 2,4-D, dichlorves, and pymetrozine. The effect of pH to
the adsorption efficiency of atrazine, 2,4-D, and pymetrozine on biochar were investigated.

The results indicated that when the biomass is burned at high temperatures, the yield of
biochar was reduced significantly. However, if the holding time was increased, the yields of
biochar only decreased a little. When the pyrolysis temperatures were increased, the maximum
adsorption capacities of biochar were significantly increased, When the holding times of the
pyrolysis process were increased, the maximum adsorption capacities of the biochar were
negligibly increased. However, at high pyrolysis temperatures and the long holding time, the
biochar pores were destroyed, consequently leading to the decreasing of the maximum
adsorption capacity.

The best of four kinds of biochar were synthesised under different pyrolysis conditions
and HCI modification, had the highest attazine adsorption including CCB600 °C-4 b, RHB500
°C-6 I, BABGOO 0C-6 b, CEB600 °C-4 h. The best of the four kinds of biochar that performed
different acid mod1ficat10n which have the highest of atrazine adsorption including: CCB600 °C-
4 h with HF modification (CCB), RHB500 °C- 6 h with HF modification (RHB), BAB600 °C-6 h

- with HF-H,SO4 modification (BAB); CFB600 °C-4-h with- HCI modification (CFB). -

The pHpze values of the four kinds of biochar CCB, RHB, BAB, and CFB were 0.7 to
0.75. The specific surface area of the four kinds of biochar CCB, RHB, BAB, and CFB were

29292, 153.27, 67.42, 402.43 m?/g, respectively. The main distribution in porosity of the four

kinds of biochar were micropores (<2 nm) and narrow mesopores (2-20 nm). The functional
groups on the biochar surface are an important site for the efficient removal of the pesticides.
The four kinds of biochar were tested by the contact angle method which showed hydrophilic
properties.

The adsorption capacity depended on the specific surface area and the total pore volume of the
biochar. The kinetic models of the pesticides and the four kinds of biochar were fitted into
following the pseudo-second-order model. The isotherm model fitted to the Langmuir isotherm
which presents the adsorption monolayer of pesticides on the surface of the four kinds of
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biochar. However, the adsorption data of the CCB and diclorvos, the RHB and 2,4-D, and the
CFB and atrazine fitted the Freundlich model, this shows that the multilayers and heterogeneous
adsorption occurred on the surface of the biochars. The isotherm shape of the CFB and
pesticides, and the four kinds of the biochar and dichlorvos illustrated the H shape, which are
shown to have very strong adsorption capacities. The diffusion modet confirmed that the liquid
film diffusion was the rate limiting step and the major diffusion mechanism of pesticides onto
biochar. The adsorption mechanisms between the four kinds of biochar and pesticides include the

' pore-filling mechanism and the chemical inferaction. However, the chemisorpfion mechanism

between each of pesticides and biochar were different. The H-bonding, hydrophobic bonding,
and s—m EDA are interactions in the adsorption mechanism of atrazine, pymetrozine and the four

_ kinds of biochar, H-bonding and =-n EDA interactions participated in the adsorption mechanism

of biochar and 2,4-D. For dichlorvos insecticide, H-bonding and hydrophobic interactions were
the adsorption mechanism that formed by the functional group structure of dichlorvos and the
functional groups of biochar. In the adsorption mechanisin of the four kinds of biochar and the

four types of pesticide, [l-bonding interaction plays an important role and is a main chemical
adsorption.

Based on the overall results of this study, biochar including corn cob, rice husk, bagasse
and coconut fibre all were highly efficient in pesticide removal. The coconut fibre biochar was
shown fo be the most effective. Hence, the four kinds of the biochar are usefil materials for the
removal of environmental pollutants.
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Abbreviation

RHB

2,4-D 2,4-dichlorophenoxy

2,4-D Na 2,4-D sodium salt

AC Activated carbon

Atz Atrazine

BET Brunaver—Emmett-Teller

BC Biochar

BAB Bagasse biochar

CCB Corircob-biochar

CFB Coconut fibre biochar

DBT Dibutyl phthalate

DCP 2.,4-dichtorophenol
PAH Polycyclic aromatic hydrocarbon
EPA Environmental Protection Agency
FT-IR Fourier Transform Infrared Spectroscopy
HCI Hydrochloricacid

HF Hydrofluoric acid

H2S04 Sulfuric acid

Pym Pymetrozine

IARC International Agency for Research on Cancer
pHpzc The point of zero charge

PSO Pseudo-second-order model

PFO Pseudo-First-order model

Rice husk biochar
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Chapter 1
Introduction

1.1 Rationale and background of study

In order to improve the yield of the agricultural production, pesticides are applied widely
in the agriculture for protection and controlling in pests, weeds and plant pathogens (Damalas
& Eleftherohorinos, 2011). Pesticides played a role in the economic agricultural production,
and arc used for many types of vegetables, fruit, forage, fibre and oil crops and pesticides

enhanced-the-agricultural-industry-to-be-successful-in-manycountries (Hattab-& Giwaly, 2012):
The pesticide manufacturers are very rigorous i processing pesticides to limit their effect on
human health and the environment. However, pesticides continué to pose serious risks to
human health and the environment. The pervasive use of pesticides pose a threat to human
* Health in"iwo” ways: eating contaminated food and drinking contaminated water. Pesticides
persist in the soil, water, and air environment from leaching, runoff and spray drift. It effects
wildlife, fish, plants and other organisms (Damalas & Eleftherohorinos, 2011),

Atrazine (6-chloro-N2-ethyl-Nd-isopropyl-1,3,5-triazine-2,4-diamine)} is-a herbicide of

triazine family. It was used in agriculture to control grass and broad — leaf weeds. Atrazine was
applied to some fruit (rees such as bananas, citrus groves, coffee, and sugar cane. It was also
used for airfields, parking lots and industrial zones (IARC, 1999). Atrazine is highly toxic and
has serious effects on aquatic organisms, plants, and people (N. Liu, Charrua, Weng, Yuan, &
Ding, 2015).

2,4-D (2,4-Dichlorophenoxyacetic acid) was used in agriculture as an herbicide. It was
applied to prevent weeds growing among plantation crops such as sugarcane, oil palm, cocoa,
and rubber. Because it is cheap, it was used widely (Trivedi, Kharkar, & Mandavgane, 2016).
People and animals absorbed the poison of 2,4-D in many ways including contaminated air,
drinking water, soil and in food. Farmers working in the agriculture sector and workers in the
factory to produce 2,4-D are all at risk from the poison (Qurratu & Reehan, 2016).

Dichlorvos is an organophosphate insecticide, it was used to control flies, mosquitoes,
ticks, cockroaches, clover mites, crickets, cutworms, grasshoppers, and sod webworms (EPA,
2006b). Dichlorvos was used in domestic, agricultural and veterinary fields (Australian, 2008).
Dichlorves was absorbed very fast in many ways. It has high toxicity in oral and it was
classified as more hazardous by WHO (W. H. O. WHO, 2007). Dichlorvos is highly toxic to
aquatic invertebrates, honeybees, parasites, predatory species, and earthworms (Australian,
2008).

Pymetrozine is a new insecticide that is highly active against inscct pests. It is used
widely in the world to control aphids and whiteflies in the field. Pymetrozine was applied to
- vegetables, cotton, ornamentals, deciduous fruit, and citrus (Degheele, 1998). Pynmietrozine had ™
a low acute toxicity to humans, mammals, birds, aquatic organism, and bees. The study of acute
toxicology of pymetrozine ranges in toxicity categories IIl and IV of the technical-grade (E. P.
A. EPA, 2000). ' '

Biochar consists of a rich carbon that is obtained through pyrolysis from biomass under
oxygen-limited conditions. Biochar has high potential to solve the contaminant efficiently in
the water. The biomass for biochar synthesis is readily available and at low cost. Moreover, the
large surface area, porous structure, functional groups, and mineral component are special
properties of biochar (Saleh, Kamarudin, Ghania, & Kheang, 2016). Washing is a role
important for biochar, as the minerals persist on the biochar after the pyrolysis process. The
surface of biochar is blocked by minerals and tars, hence, acid-washing treatment is very
important to reduce and remove minerals (Y. Zhang, Liu, Chen, & Zheng, 2016).
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‘There are many methods to effectively treat pesticides in waste water, soil, etc. These
include thermal treatment (incinerators, open burning), chemical treatment (O3/UV,
hydrolysis, Fenton, and photocatalyst), physical treatment (adsorption) and biological
treatment (composting, bioaugmentation and phytoremediation) (Hattab & Ghaly, 2012). The
adsorption method is a method that is applied widely to remove pesticides, heavy metals, and
dyes in water and the soil environment (Narayanan, Gupta, Gajbhiye, & Manjaiah, 2017). The
adsorption method is a simple design. The adsorption method incurs lower costs and therefore
needs a lower cash outlay (Saleh et al., 2016).

In this study, biochar were prepared from four types of biomass including corn cob rice

husk, bagasse, and coconut fibre. The biochars were synthesised by a slow pyrolysis method

under oxygen-limited conditions, The pesticide removals by biochars in the aqueous solution .

consisted of atrazine, 2,4-D Na, dichlorvos, and pymetrozine. In this research, the study
consists.of five parts:

1. Preparing the biomass materials to synthesise biochars: The biomass was gathered in
Northern Thailand inchiding corn cob, rice husk, bagasse, and coconut fibre. The synthesis
process was performed in the ceramic crucible and burut in a furnace under oxygen- ]imited

pyrolysis temperatures

2. Preparation and characterization of biochars: Biochars were crushed and modified by
acids before analysis and the characterization of biochars, including surface morphology
(SEM), specific surface areas (BET), the functional groups (FT-IR), the point of zero charge
(pHpzc), the surface chemistry (acid and base groups), and hydrophilic properties.

3. The performing of adsorption experiments for four kinds of biochar and atrazine. The
comparison of the adsorption capacity of atrazine by different kinds of biochar. The best
biochar of the four kinds was sclected according to performance and adsorption. The
experiments were done with 2,4-D Na, dichlorvos, and pymetrozine.

4. Study the adsorption isotherm (Langmuir and Freundlich isotherms), the adsorption
kinetics (pseudo-firsi-order and pseudo-second-order models), the intraparticle diffusion
model, and the diffusion mechanism of four kinds of biochar and the pesticides.

5. Explore the adsorption mechansim between the four Kinds of biochar and the four
types of pesticide.

1.2 The objectives of the study

Main-objective: To improve the quality of biochar and enhance the ability of biochar for
pesticide removal which are explanted by the adsorption isotherm, adsorptlon kinetic, and the
adsorption mechanisms of pesticides and biochar.

Sub-objectives: "

1. To synihesise four typee of blochar mcludmg corn cob rice hu*;k bagasse and coconut
fibre at different pyrolysis temperatures and holding times.

2. To modify the four kinds of biochar with acids and mixtures of acids to remove
minerals from the surface area of the biochar.

3. To analyse the biochar characteristics including surface morphology, specific surface
area and total pore volume, the functional groups, and the point of zero charge {pHpzc), the
surface chemistry (acid and base groups), and hydrophilic properties.

4. To perform the adsorption method to remove atrazine from the aqueous squtlon using
the four types of biochar after washing them with acids. Comparisons are made between the
atrazine adsorption capacities of the different types of biochar and to select the best of the four
types of biochar which is the highest adsorption capacity.

5. To observe the adsorption process of the best biochar of pesticides including 2,4-D
Na, dichlorvos, and pymetrozine.
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0. To study the effect of the pH of the solution on the adsorption efficiency of the biochars
on the different pesticides.

7. To study the adsorption isotherm, adsorption kinetics, the intraparticle diffusion
model, and the diffusion mechanism of the biochar and the pesticides.

8. To investigate the adsorption mechanism of the four kinds of biochar and the four
types of pesticides.

1.3 Research Hypotheses
Based on the properties of biochar including the specific surface areas, porous structures,

and functional groups, the four kinds of biochar were synthesised under oxygen-limited =

conditions had high specific surface areas, good porous structures, functional groups after the

pyrolysis process. Acid washing improved the porosity and specific surface areas of the

to the treatment of environmental pollutants.

1.4 The scope and limitation of the studies

Altthe experiments of this study were operated on a laboratory scale. The scope of this
research is shown below.

1. The biochar were synthesised from biomass including corn cob, rice husk, bagasse,
and coconut fibres which were gathered in Northern Thailand,

2. The biochar were burned at different pyrolysis temperatures and holding times in
oxygen-limited conditions.

3. After the pyrolysis process, the biochar was crushed and washed with acids and
mixtures of acids (HCI, HE, H2S04, HCI-HF, HCI-H2S04, and HF-H2504),

4. The characterization of the biochar: The surface morphology of the biochar was
analysed by SEM (Scanning Electron Microscope), the specific surface area was measured by
BET (Brunauer--Emmett—Teller). The functional groups of the biochar were analysed by FT-
IR (Fourier transform infrared spectroscopy) at the Science lab, Naresuan University. The point
of zero charge of the biochar were conducted by batch methods, the acid and base groups of
the biochar surface were performed according to the Boehm Titration method, and the
hydrophilic property was measured with the contact angle method.

5. The adsorption isotherm, adsorption kineties, the iniraparticle diffusion model, and the
diffusion mechanism of biochar and the pesticides were studied.

6. The adsorption mechanism of the four kinds of biochar and four types of pesticide
were investigated.

7. The pesticides used in the study include atrazine, 2,4-D Na, dichlorvos, and

_ pymetrozine,

biochar. All the biochar tend.to. be very useful materials.that.have.a.high-potential.to.contribute ..o



Chapter 2 -
Theoretical background and literature review

2.1 Fundamental knowledge in the properties and the adsorption mechanism of biochar
2.1.1 Properties of biochar

Biochar is a stable solid that is rich in carbon, Biochar is made from biomass such as
wood and animal manure. They are used in the soil and also for agricultural gains and carbon

sequestrdtion—Bioehar that containsmarbon can-slow- cwrbon emissions to-the atmoqphere and

soil, thereby maintaining carbon levels in the soil and creating the benefit of nutrient rich soil.
There are many %peciﬁc properties that biochar have, such as high surface area, porous

that they help to enhance the adsorptlon of pollutaﬂts, thus temoving them from aqueous
solutions. The process of manufacturing biochar requires less energy than the production of
activated carbon, It is therefore cheaper to produce biochar than to produce activated carbon,

Biochar has new potential as an effective adsorbent including lower price. Feedstocks that are
used to produce biochar are readily available at low-cost. Feedstocks come from agricultural
biomass and solid waste (X, Tan et al., 2015). The use of invasive plant species to synthesise
biochar brought about the reduction of invasive plant species, something that can be useful in
protecting the environment (X. Tan et al., 2015).

+ Feadstocks of brochar * Ferlilizer usage

« Carbon sequestral;on ¢ Used as adsorbent
* Biofusis usage
* Solld waste management

.. ¢ invasive plant management ... ... . ...

Figure 2.1 The benefits of biochar applied as an effective adsorbent for wastewate: treatment
o Source: (X. Tan et al., 2015)

Biochar is a renewable resource that is beneficial to the economy and the environment,
Biochar is used in environmental technology for water treatment. Many research studies have
reported that biochar removed contaminants such as heavy metals, and the pollutants from the
soil and water (Figure 2.1). The adsorbent properties of biochar are greater and therefore more
effective than activated carbon (X, Tan et al.,, 2015),

According to Tan et al, biochar adsorbs organic pollutants by means of various
interactions. The adsorption mechanism between biochar and organic pollutants consists of
electrostatic interaction, hydrophobic effect, hydrogen bonding interaction and a pore-filling
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mechanism (2015). The adsorption mechanisms that biochar uses to adsorb organic poliutants
is proposed in Figure 2.2
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Figure 2.2 The adsorption mechanisms of organic polluiants adsorbed by biochar
Source: (X. Tan et al., 2015)

2.1.2 The adsorption mechanism of hiochar

Pore-filling

The porous carbon of biochar is divided into three types, micropores
< 2nm, mesopores 2 -50 nm and macropores > 50 nm. However, micropores and small
mesopores (2-20 nm) are proposed to present the majority on the surface of biochar. The
mechanism of pore-filling on biochar occurs when the pore-filling is in low solute
concentrations. Depend on the form of biochar, both polar and non—polar that
pore-filling of biochar can adsorb erganic pollutants (Inyang & Dickenson, 2015),

Diffusion and partitioning
The organic compounds were diffused in biochar many ways: adsorbates diffuse into
pores or into the organic matter of biochar that is, non-carbonized fraction, The later process is

.similar partition (absorption) mechanism with high concentrations of the solute or biochar is.... . ..

rich in the volatile matter. Partitioning occurs in biochar with a temperature of <400 °C, it may
contain small aromatic or aliphatic compounds, for example, pyrroles, phenols, ketones, and
sugars. Because of the porous nature of biochar, most organic pollutants were adsorbed with
some difficultly by biochar. But organic pollutants with hydrophobic molecules are easily
adsorbed by partitioning. For instance, atrazine was adsorbed by dairy biochar

(200 °C) and was adsorbed by swine manure biochar (350 °C) (Inyang & Dickenson, 2015).

Hydrephobic interaction

The Hydrophobic interaction mechanism between biochar and organic compounds
consists of both partitioning and hydrophobic adsorption. If biochar with low surface oxidation
are hydrophobic, they can adsorb hydrophobic organic compounds. For example,
Perfluorooctane sulfonate contain the hydrophobic property of a C-F chain, and can adsorb
hydrophobic sites on maize straw and willow — derived biochar. Compared with partitioning,
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hydrophobic adsorption occurs with low hydration energy on adsorbent surfaces such as
between a polar molecule and water molecules (Inyang & Dickenson, 2015).

7-m EDA (electron-donor—acceptor)

- EDA is an adsorption mechanism by biochar and the organic compounds. For
example, biochar adsorbs atrazine, this link is between chlorine and atrazine and the aromatic
carbon on the biochar surface. The link is between the aniline ring in sulfamethoxa — zole
(SMX) and n—x electron rich graphene surface of biochar(Inyang & Dickenson, 2015).

Cation-m-interaction
Biochar consists many cations such as Fe, Mg, Si; K or Ca which can form interaction
with polycycllc aromatic hydrocarbons (PAH) of biochar (Inyang & Dickenson, 2015)

Electl ostatlc interaction
Electrostatic interaction is a sorption mechanism between the jonic adsorbates and the
biochar surface. Cationic organic compounds tend to adsorb negative charges on the surface of

the biochar. In contrast, anionic adsorbates tend to adsorb the positive charges on the surface
of the biochar. Moreover, pH can affect the adsorption process of biochar and adsorbates,
because the surface of the biochar was controlled by the pH of the solution. If the solution pH
is lower than the pH of point zero charge (pHpzc) of the biochar, then the surface of the biochar
will be positively charged. If the solution pH is higher than the pITpzc of the biochar, the surface
of the biochar will be negatively charged (Inyang & Dickenson, 2015).

Hydrogen bonding

The polar organic groups on the surface of the biochar can participate in H-bonding,
Many polar groups on biochar facilitate water sorption and impellent H-bonding between
biochar and organic pollutants, For example, the rice siraw and swine manure biochar can
adsorb Dibutyl Phthalate (DBT), this sorption is H-bonding between H-donor group on biochar
and O atom on the DBT ester group (Inyang & Dickenson, 2015).

The hydrophilic property

The hydrophilic property of biochar was correlated with the pyrolysis temperature. The
biochar synthesised at 300 °C indicated extremely hydrophobic properties. Whereas, the
biochar synthesised from 400 to 600 "C presented hydrophilic properties (Kinney et al., 2012).
The hydrophilic properties of biochar allowed water to enter the pores of biochar (Z. Liu,
Dugan, Masiello, & Gonnermann, 2017)

2 2 Synthesns blochar
Thermochemical processes that produce non-activated biochar and activated biochar or
carbon,” consist of, slow pyrolysis, fast pyrolysis, and gasification. But the production of
biochar synthesised from slow pyrolysis, yields more biochar than fast pyrolysis or
gasification. The content of biochar from slow pyrolysis, fast pyrolysis, and gasification are
30, 12, and 10 %, respectively. The production of biochar shown in Flgure 3 (Inyang &
Dickenson, 2015).
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Figure 2.3 The products, yields and characteristics of biochar as synthesised under
different pyrolysis conditions
Source: (Inyang & Dickenson, 2015)

Biochar was produced from slow pyrolysis at temperature 350 - 800 °C and holding times
of pyrolysis were from minutes to days, If the pyrolysis temperatures and holding times are
increased, the surface area and pore volumes of biochar will increase. For instance, the surface
area of oak biochar is from 2 to 225 m%/g when the temperature is increased from 450 to 650
°C at 3 hours. The surface area of pig manure biochar is from 23 to 32 m%/g, when the
temperature is increased from 350 to 700 "C at 2 hours.

Biochar from slow pyrolysis below 600 “C did not change the chemistry of their parent
feedstock, but where the temperature is above 600 C, aliphatic groups will change, for
example, phenols and carboxylic acids can convert to neutral or fused basic aromatic groups.
The pig manure biochar was produced at 620 °C for 2 hours, the NCH and N-C=0 group were
not found in the raw manure. The polycyclic aromatic compounds that were formed include
such as dioxins and furans in slow pyrolysis at 350-500 °C and holding time was less than 1
hour (Inyang & Dickenson, 2015).

2.2.1 The conditions effect to characteristics of biochar

The original biomass effects of the adsorption of biochar

Biomass contains compounds including cellulose, hemicellulose and lignin and these
compounds converted o biochar carbon matrix. The compound converted to biochar at
different temperature ranges. For instance, hemicellulose degraded in a range from 200 to 260
OC. Cellulose degradation occurred in a range from 240 to 350 °C. And lignin degradation
occurred in a range from 280 to 500 °C. On the other hand, the original biomass has the amount
of minerals that can affect biochar properties, the minerals were ash content after the burning
process (Yavari, Malakahmad, & Sapari, 2015). The ash can cap the pores of the biochar
leading to a decrease in a specific surface area and the sorption of biochar. So, it is very
important to remove ash from biochar when biochar is used in adsorption. In order to decrease
the amount of ash, the biomass could be washed with acid after pyrolysis (Uchimiya, Wartelle,
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& Boddu, 2012). In contrast, some research reported that high amounts of minerals in the
biochar are more able to enhance the sorption capacity of the biochar (Yavari et al,, 2015).

The components of biochar depended on the biomass, For instance, wood has a high
percentage of lignin, aromatic organic composition, high surface area and low ash content.
Herbaceous plants contain high amounts of silica, while animal manures contain more ash
(Yavari et al,, 2015).

The size of the biomass affects the ash composition of biochar, One study reported that
the different sizes of bagasse were in the range of 0.25 to 4.75 mm and was pyrolysed in pure
nitrogen gas. It showed that the sizes of bagasse were from 0.25 to 0.6 mm is a large amount

of ash in the biochar (Yavari et al., 2015) :

The temperature synthesis process effects the specific surface area

Many. studies.reported.-that different pyrolysis- temperatures-impacted-on-the sorption-of - comm

organic molecules onto biochar. The non-carbonized domain of biomass converts to a
carbonized domain depending on the pyrolysis temperature, The pyrolysis temperature is also
affects the specific surface area of the biochar. For example, the synihesis of pine needle

derived biochar, the femperature rises from 100 to 700 "C and the surface area was from 0.6 —
490.8 m*/g. Woad chips were pyrolysed at temperatures from 450 to 850 °C in a furnace. At
such high temperatures, the biochar develops a high specific sutface area (566 m%/g) and a
strong affinity with fungicides, At Jow temperatures, the biochar has a low surface area (27
m?/g). The biochar adsorbs pesticides via two mechanisins, viz. the adsorption on the surface
area and micro—pores of biochar.

The ash content in the biochar was also correlative with the pyrolysis temperature, The
ash content of pine needles was from 1.05 to 2.20 % when the pyrolysis temperature rose from
100 to 700 °C. The ash content of pig manure biochar rose from 35.7 % to 69.6 %, when the
pyrolysis temperature increased. At lower temperatures (200 °C), the biochar exhibited more
affinity for sorption, because there are high amounts of organic carbon and the polymer
aliphatic fraction (Yavari et al., 2015). :

According to Inyang and Dickenson, if biochar is synthesised at temperatures lower than
600 °C, it may retain its biomass chemistry. But when the lemperature is increased to higher
than 600 °C, some functional groups are converted. For example, aliphatic group converted to
neutral or fused basic aromatic groups. The pig manure biochar performed at 620 °C for 2
hours, it did not retained the NCH and N-C=0 groups originally, but the most of aromatic or
olefinic —C=C- group were converted and retained in the biochar.

Thermogravimetric analysis of biochar

... Biomass consists of the main components including cellulose, hemicellulose, and lignin.. ... ..
Because of the molecular structure, hemicellulose has a short molecular structure with many

branches, so they need high thermal activity to
decompose.- Conversely, cellulose is more stable in-thermal conditions than hemicellulose. -
Cellulose has a highly linear and non-branching polymer. Lignin is rich in aromatic rings and
has a strong cross-linked lead which makes it difficult to decompose. There is a large thermal
range in the decomposition temperature of hemiceflulose, cellulose and lignin are 200 - 380
°C, 250 - 380 °C, and 180 - 900 °C, respectively (D. Chen, Zhou, & Zhang, 2014).

The heating rate, gas pressure, flow rate, and reaction residence time effect to the
adsorption of biochar

The next parameters to determine the characteristics of biochar are the heating rate, and
gas pressure, flow rate, and reaction holding time. Cetin et al., 2004 experimented with radiata
pine, spotted gum, and bagasse. When the low heating rate was 20 °C per second, the biochar
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developed microporous structures. A high heating rate was 500 °C per second, where plastic
deformation occurred in the biochar causing the formation of macropores in the biochar
structure, The heating rate has a strong effect on the development of porous structures and the
surface area of the biochar. The high pesticide sorption capacity of biochar was studied using
different biomasses under slow pyrolysis conditions. The low heating rate is 5 °C to 30 °C per
minute and a long residence time. The yield of biochar was 15 - 89 % and biochar has
microporous (Yavari et al., 2015).

The oil palm stone biochar has a maximum surface area (320 m?/g) and a good
microporous structure when they are synthesised at_high temperatures_such.as_800_°C_with.a

period. of holding time for 3 hours in the furnace. Biochar synthesised-at-the temperature——————

threshold, can create a high specific surface area. If the pyrolysis temperature is over the
temperature threshold of the biochar, it could lead to a decrease of the specific surface area of

-..the.biochar..For.example,.the surface.area-of the biochar-was-synthesised-at-800-2C-and-900-2G - wmmrvvereee

for 4 hours were 300 m%g and 200 m%g, respectively. Biochar synthesised at a high
temperature results in the strocture of biochar melting, fusion, and shrinkage (Guo & Lua,
1998) (Yavari et al., 2015).

2.2,2 Determination of characteristics of biochar

pHpzc of the biochar

The point of zero charge (pHpzc) is the pH value at the equilibrium between the sum of
the surface positive charges and the sum of the surface negative charges (Gatabi, Moghaddam,
& Ghorbani, 2016). pHpzce is pH at the zero net charge. The batch equilibration method was
one method that could be used to determine the pHpzc of biochar powder. This method is
based on the assumption of the protons (H*), and hydroxyl groups (OH), these groups are the
potential determining ions. H' and OH were adsorbed by (he particles of biochar. The pH of
the solution affects the net surface charge of each particle. The dissociation or association of
an additional proton in the solution of the surface groups of the biochar, depending on the pH
of the solution and the characteristics of the biochar powder, The positively charged surface
occurred when the surface reacted the proton of the acid solution, and the negatively charged
surface occurred when the surface loss of the protons under basic conditions (Cerovie” et al.,
2007).

Washing biochay after pyrolysis process
Acid washing is important for biochar as the minerals will persist on the biochar after the
pyrolysis process and blocked the pores on the surface of the biochar. Acid washing is,

.. therefore, very important to remove and reduce mineral residue. Several methods could be used -

to wash biochar with acid. Biochar synthesised from a giant reed (Arundo donax) was rinsed
with 1 M HCl and 1M:1M HCE-HF solution (Y. Zhang et al., 2016). In order to remove excess
ash, biochar was washed by 0.1 M HCI with a ratio of 27 g of biochar per litre of acid for 1
hour (Uchimiya et al., 2012). In one experiment biochar that was washed by 1 M H2SOj4 was
compared with biochar that was washed with DI water. A dosage of 1.5 g of biochar was
immersed in 30 ml of water or acid. The biochar were agitated in an ultrasound bath for 2 hours.
The result showed that the pores of biochar treated by H2SO4 was cleaner and the pores were
clearer than in biochar that was treated using only H2O (Gai et al., 2014).

The chemical surface (acid and base groups) of the biochar

The acid groups consist of carboxyl, lactonic and phenotlic, while, the base groups include
ketone. The acid and base groups play an important role in enhancing the efficiency of pollutant
removal (Hai Liu et al., 2015).
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Chapter 3
Research methodology

3.1 Introduction
The research methodology used in this project is divided into five parts as seen bellow:
The first part was the preparation of the biochar.
The second part was the modification biochar by 0.1 M HCI, analysis the characterization
of biochar (SEM), and the adsorption experiments between four kinds of biochar and atrazine.

The—third—part—was—the—medifieation-of-biochar—with—acids—and—acid—mixtures—The

characteristics of biochar was carried out,
The fourth part was the adsorption experiments with biochar and pesticides. The

-~ adsorption isotherm; the adsorption~kinetics; the-intraparticle diffusion model; the ditfusion

mechanism, and the effect of the pH of the solution on the efficiency of pesticide adsorption
by the biochar.
The final part was the exploration of the adsorptio,n,me,chanism,,,ef,,thei(),ULtypes of

adsorption—of--atrazine—by—biochar—was~ performed and- observed “An- 'malySIs of the

biochar,
The details of each part are as follow:

3.2 Preparing of the biomass materials and the synthesis of biochar

Objective: To prepare the biomass materials and synthesise the biochar.

The biomasses for biochar synthesis were collected in Northern Thailand including corn
cob, rice husk, bagasse, and coconut fibre. Corn cob and bagasse were fresh materials, so they
were dried before the synthesis process. In order to remove the moisture that was obtained from
the biomass, they were left in the sun for four days. Coconut fibre and rice husk were dry
materials, coconut fibre were chopped approximately 1 cm” size, All biomasses were dried in
the oven at 105 °C until a constant weight was achieved. After removing the moisture, the
biomass were insert into the ceramic crucible and were burned in a furnace (Nabertherm,
Germany). The temperature in the furnace was raised slowly at 3 °C per minute (Krzesin'ska
& Zachariasz, 2007). To compare the adsorplion capacity of the biochar under various burning
condition, the first parameter: the four kinds of biochar were burned over 6 hours and at
different pyrolysis temperature - were in the range of 400 to 600 °C,

The second parameter: the different heating times were in the range of 2 to 6 hours at 600
UC. All the pyrolysis processes were conducted under oxygen-limited conditions.

In order to estimate the weight loss of biomass and the biochar yield, the mass balances
of the biomass were evaluated before and after the bummg plocess The synthesm processes of
- the biochar are showed in Figure 3.1 :



The dry biomass includes The fresh biomass

coconut fibre and rice husk. consists of corn cob and
Coconut fibre was chopped to bagasse. It was chopped
approximately to approximately 1 cm?

1 cm? size size and were dried in

AN /

The biomass was put in the oven at 105 °C until a constant wejght was achieved J -

—

L

[ The biomass were transferred to a ceramic crucible for the synthesis j

= |

4L

The ceramic crucible was put in a furnace }

s

The temperature in the furnace was raised slowly at 3 °C per minute

4

.
‘The pyrolysis conditions of the biochar were synthesised from 2 to 6
hours at
. J

The pristine bicchar pr_oducts - ]

Figure 3.1 Flow diagram of the synthesis biochar method
Source: (N. Liu et al., 2015)
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Table 3.1 The pyrolysis conditions of the four kinds of biochar

OFBS00 'Ce

No | Biomass materials Pyrolysis olding times Abbn.:watmn of
temperatures biochar

Corn cob CCB400 °C-6 h
Coconut fibre 0 CFB400 °C-6 h

L Magasse 4007°C 6 hours BAB400 °C-6 h
Rice husk RHB400 °C-6 h
Corn cob CCB450%C-6 h
Coconut-fibre . CFB450C=6-h

2 Bagasse 430°C 6 hours BAB450 °C-6 h

Rice husk RHB450°C:6 | =
Corn cob CCB500°C-6 h
e Cocom Fbe P

3 I Bagasse S00°C 6hours I A B500°C-6 h
Rice husk RHB500°C-6 h
_Corn.cob CCB550°%C-6-h
Coconut fibre 0 CFB550 °C-6 h

4 Bagasse Y[ BLAN BABS550%C-6 h
Rice husk RHB550°C-6 h
Corn cob CCB600 °C-6 h
Coconut fibre i CFB600 °C-6 h

3 Bagasse SRS SHIouR BAB600°C-6 h
Rice husk RHB600 *C-6 h
Corn cob CCB600 °C-2 h
Coconut fibre ¥ CFI3600 °C-2 h

6 Bagasse ™t 2proigs BAB600°C-2 h
Rice husk RI1B600 °C-2 h
Corn cob CCB600%C-3 h

7 | Coconut fibre 600 °C 3 hours CFBA00 °C-3 h
Bagasse BAB600 “C-3 h
Rice husk RIB600 °C-3 h
Corn cob CCB600 °C-4 h
Coconut fibre ¢ CFB600°C-4 h

8 Bagassc e 4 hours BAB600°C-4 h
Rice husk RHB600 °C-4 h

9.y Corn cob- - - 600°C- 5hours = | CCB600%C-5h" -
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Coconut fibre

Bagasse

Corn cob Rice husk
Figure 3.2 The biomass materials in ceramic crucibles

3.3 The modification and characterization of bmchm (SL‘M) and the adsorptmn

‘experiments between the biochar and atrazine™

The modification of biochars by 0.1 M HC1 and analysis the morphology- of biochar

“surfaces (SEM)

Objective: To remove the minerals on the surface of the biochar and analyse the surface
morphology of biochar,

In order to prepare for the characterization and adsorption experiments of the biochar,
they were crushed by pestle and mortar and passed through a 0.8 mm sieve. The biochar was
washed with 0,1 M HCI acid to remove excess minerals, the ratio of biochar and 0.1 M HC]
acid was 27 gram/L (Uchimiya et al., 2012). Then, the biochar was rinsed with deionized water
until the pH of the solutions reached neutral. The biochar was put in the oven at 80 °C overnight
(Uchimiya et ak, 2012). The final biochar products were in powder form.



The surface morphology of the biochar was analysed by scanning electron microscope
(LEO 1455 VP model, Carl Zeiss Microscopy GmbH, England).

[ The pristine biochar was crushed J
[ Biochar was passed through a sieve 0.8 mm size ]

-

Washing of biochar with HCI acid with ratio was 27 gram/L ]

———

-

Rinse biochar with-DI water many-times until the pH-was neutral ]

.=

[ Separation biochar from the solution ]

o

[ Put the biochar in the oven at 80 °C overnight ]
L The biochar powder products j

Figure 3.3 Flow diagram of the process of preparation and washing biochar

The experimental performance of the adsorption of atrazine by the different biochars
Objective: To select the best biochar through the high atrazine adsorption capacities of
biochar,

.. The adsorption process of the four kinds of biochar and atrazine were. conducted. The ... ..

comparison of the maximum atrazine adsorption capacities were performed to choose the most
effective biochar. The details of the adsorption method are shown in the next section,

3.4 The modification of biochar with acids and acid mixtures, the atrazine adsorption
performance as shown experimentally with the selection and analysis of the
characteristics of the most effective biochar

The biochar was modified with acids and acid mixtures, and the adsorption experiment
was conducted with atrazine

Objective: To compare the high adsorption capacity of biochar that has been modified
with acids and the acid mixtures.

The biochar were modified by different acids and acid mixtures {(HCI, HF, H;S04, HF-
HCI, HF-H;S804, and HCI-H2SQs). Then, the modified biochar were tested to assess its atrazine
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adsorption performance. The comparison of the atrazine adsorption capacities of modified
biochar were conducted to select the best performing biochar. The detail of the adsorption
method is shown in the next section.

The characteristics of the four kinds of biochar
Objective: To explore the characteristics of biochar synthesised under oxygen-limited
conditions.

Characterization_of the biochar using SEM, BET, and FT-IR

The surface morphology of the four types of biochar were analysed by scanning electron - -

. microscope. (LEO 1455 VP model, Carl Zeiss Microscopy. GmbH, England);- the-bioehar oo

samples were loaded on tape coated with gold before analysing, The specific surface area and

-total-pore-volume-of-the-biochar-were-measured-by-BET-(Brunauer—Emmett—TFeller)-method
(TriStar 1 3020, Micromeritics Instrument Corporation, USA), the functional groups of
biochar were analysed according to the FT-IR method (Frontier, PerkinElmer, Germany). The
hydrophilic properties of biochar were determined by the contact angle method (OCA 20,

Dataphysics OCA GmbH, Germany}.

Determine the point of zero charge of the biochar

According to Liu et al, 2016, the batch experiment was used to deiermine the pHpzc of
biochar, the solution of 0.01 M NaCl was adjusted pH from 2 to 12 using NaOH and HCI. The
amounts (0.2 g) of biochar were added fo the solutions of 0.01 M NaCl The final pH was
measured after the solution was shaken for 48 hours (N. Liu et al.,, 2016). The chart of pHiinal
and pHiniat was plotted, the pHpze of the adsorbent was a point of intersection of the “pH g
v8 PHinitiat” curves (Varsha Srivastava, C. H. Weng, V. K. Singh, & Sharma, 2011),

Determination of acid and base group distribution on the surface of the biochar

To estimate the surface chemisiry of biochar, the Boehm titration method was applied to
determine the amount of acid, and base groups on its surface. In this experiment, NaHCOs3,
Na2COs, and NaOH are used to define these acid groups: carboxyl acid; lactone and carboxyl;
phenol, lactone, and carboxyl, respectively. HCI was used to determine the base groups
(ketonic, pyronic, and chromenic) of biochar. In bricf, preparing 50 ml of the solutions of 0.05
M bases (NaHCO;, Na;CO;, NaOH) and 0.05 M acid (HC1), then 0.5 g of biochar was added
to each of the solutions, and then shaken for 24 hours, After this process, Whatman filter paper
42 was used to separale the filtrate from the solutions. The reactions were completed when 10
ml of HCI and NaOH with a concentration of 0.05 M, were mixed with 1 ml of the filtrates.

- All these solutions were back-titrated by using 0.05 M of NaOH and HCL The phenolphthalein=

is an indicator and was used in this experiment (Mukherjee, Zimmerman, & Harris, 2011),
(Chun, Sheng, Chiou, & Xing, 2004). The mathematical formulae were used to estimate the
quantity of the surface groups of the biochar as shown below. ' '
n V,
[HCI]VHCI = [NaOH}VNaOH + (__:_Ci_ [B]VB — chsp) VE (I)
B B
Vi

n
Ncsp = —Hdl [B]VB - ([HCI}VHQ — [NaOH]VNaOH)"— (2)
Mg Va .

Where, ncsr (mmol/g) is the mole of surface functionalities of the biochar; nucy/ ni is the
mole ratio of acid to base; [B] (mol/L) and Vg (ml) are the base concentration that were mixed
with the biochar; [HCI] (mo)/L) and Ve (ml) are the concentrations and volume of the acid
added to the part of base that taken from the original samples; [NaOH] (mo}/L) and Viaon (ml)
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are the concentrations and volume that are used in the back — titration; V, (ml) is the volume
that was taken from V.
Sources: (Goertzen, The riault, Oickle, Tarasuk, & Andreas, 2010)

The hydrophilic properties of biochar
The contact angle method was used to determine the hydrophobic and hydrophilic
properties of biochar.

3.5 The performance of the adsorption_experiments_between good biocharand

.. pesticides, the study of the adsorption isotherm, the adsorption kinetics, the effect of PH-oees

of solution to the adsorption of hiochar and pesticides. .

- The performance-of the-adsorption-experiments-between-good-biochar-and-pesticides
Objective: To remove the pollutant pesticides by the biochar adsorption and study the
adsorption isotherm and the adsorption kinetics of biochar and pesticides,
All the adsorption experiments were performed using the baich adsorption method. The

volume of the pesticides and an amount of biochar were added into the Frlenmeyer flasks 250
ml, the dosage of biochar was 1.5 g/L. The Erlenmeyer flasks were shaken (MS Orbital Shaker,
MS-NOR-30/MS-NOR-3001) for equilibrivm time at 120 rpm in dark conditions. During the
adsorption experiment, the pesticide solutions were taken fo measure the residual
concentrations by UV-Vis spectrometer (Genesys 10S UV-Vis spectrophotometer, Thermo
Scientific). The wavelengths of maximuim absorbance were found by scanning the absorption
spectra of the pesticides. The wavelength to measure the pesticides including atrazine, 2,4-D
Na, dichlorvos, and pymetrozine were 229 nm (Ghosh & Philip, 2005), 230 nm, 210 nm
(Gomez et al,, 2017) (Rahinan & Muneer, 2005), and 299 nm (Federal, 2014), respectively.
Whatman filter paper 42 with the retention of 2.5 ym was used to separate the biochar from the
pesticide solutions. The 5 concentrations of pesticides were prepared to use in adsorption
experiments and calculate the adsorption isotherm and adsorption kinetics.

Furthermore, the effect of pH of solutions and the dosage of biochar were explored in the
adsorption process. The pH of solution was prepared in the range of 1,0 to 12.0. HCl and NaOH
solutions were used to adjust the pH of pesticide solutions. The influencing of biochar dosage
on pesticide adsorption was conducted by various biochar dosages which were in the range of
0.25 to 10.00 g per litre of pesticides.
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Add the volume of the pesticide solutions
{150 ml) into the 250 ml Erlenmeyer flasks
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The samples were taken to measure the
residual concentrations during the test
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Y

The solutions were separated through
Whatman filter paper 42

| Measure the residual concentrations of the
pesticides by UV-Vis spectrometer

Figure 3.4 Flow diagram of the adsorption experiments of pesticides and biochar
Sources: (N, Liu et al., 2015)

The adsorption isotherms and adsorption kinetics study
Objective: To investigate the parameters of adsorption isotherm and adsorption kinetics.
The adsorption isotherms and adsorption kinetics study of the four kinds of biochar and
the pesticides were studied. The investigation of adsorption isotherms includes the Langmuir
isotherm and the Freundlich isotherm. The adsorption kinetic models consist of the pseudo-
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first-order and pseudo-second-order models, the intraparticle d1ffusmn and the diffusion
mechanism were explored.

3.6 The adsorption mechanism of biochar and pesticides
Objective: To explore the adsorption mechanism of biochar and the pesticides.
- The adsorption mechanism of the biochar and the pesticides were explored and
explained in depth, based on the evidence of the results and theory. The evidence supports the
explanation of the adsorption mechanism between the biochar and the pesticides including
the SEM, FT-IR analysis, BET_method, hydrophilic_property,-and.the.acid-and_base_group

results of biochar.
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Chapter 4
Results and discussion

Chapter 4 presented the results and a discussion of this study. The experimental data are
shown below.

4.1 The characterization and the Qo of the four kinds of biochar that were synthesised
under different pyrolysis conditions

4.1.1 Effect of pyrolysis conditions on the mass Ioss of the four kinds of biochar
The influence of the pyrolysis temperatures and the holding times to the mass loss of the
four kinds of biochar were similar as shown in Table 4.1, Figure 4.1 indicates the mass loss of

— CCB-and-atypical graph of biochar thatiltustrates the effect of pyrolysis temperatures on the
mass loss by the pyrolysis process.
In the pyrolysis process, the heating temperature is a factor that has a strong effect on the

biochar yield. When increasing the temperature, the mass of the four_kinds_of biochar .

decreased. At 100 °C to 200 °C, the mass of the biochar slightly decreased from 98.53 % to
82.67 % (Table 4.1). This was likely to be due to the loss of moisture content, this result agrees
with previous experimental results (Melo, Coscione, Abreu, Puga, & Camargo, 2013). At 300
9C, the percentage of the mass of the four kinds of biochar decreased in the range of 42.00 to
53.67 % (Table 4.1), this temperature significantly influenced the loss of biochar, When the
temperature was from 400 to 550 'C, the mass of the biochar decreased from 19.41 to 45.51 %
(Table 4.1). The mass of the four kinds of biochar stabilized at a temperature of 600 °C (Table
4.1). According to Demirbas, biomass consists of cellulose, hemicelluloses, water, lignin,
simple sugars, extracts, lipids, proteins, starches, ash, hydrocarbons, and other compounds
(Demirbar, 2009). The decreasing of mass is explained through the pyrolysis process, the
biomass transformed into biochar, bio-oil, and syngas (Yavari et al., 2015). At high pyrolysis
temperatures, the volatile material was transferred and released significantly which changed
the yield of the biochar (Guo & Lua, 1998). Therefore, when the biomass is burned at high
temperatures, the yield of the biochars were decreased significantly.

The second factor that influenced the decreasing biochar yield was the holding time.
When the holding time was increased from 2 to 4 and 6 hours at 600 °C, the biochar yield
percentage decreased slightly (Table 4.1). At a high temperature, high amounts of the volatile
matter were released in the initial two hours. The increasing holding time led to the yields that
were little decreased (Guo & Lua, 1998),

In summary, the yield of biochar decreased significantly by the high pyrolysis
- temperature and decreased negligibly by the long holding time at high temperature,

4-1



1004—

80 -

=]
<
1

Mass loss (%)

/|

N
[=3

1

[}

/
g
|
B

0 100 200 300 400 50D 600
Temperature (°C)

(a)
160
801
& 60
Py
Uy
o
2 40
0
E.
]
204 \'E'H———._‘———-l
0 F T T T T
2h 3h 4h 5h 6h
The holding time (hour)
(b}
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Table 4.1 The yield (%) of four kinds of biochar effected by pyrolysis temperatures and
holding times

Biochar Corn cob | Rice husk | Bagasse C;(]:)O::am

100 °C 96.56 98.53 95.53 97.41

200 °C 84.67 86.67 82.67 87.47

300 °C 42.00 53.67 42.6 42.94

~Synthesis | 400°C|--3021 | 4551 34.64 32.38
for6h | 4s00C 26.76 429 | 2962 2871

5009 2244 38.90 26.80 2779

550 °C 19.41 37,68 25.10 24.53

rrrrrrr -60020C——48.97——3492—|—2233 21.91

2h 25.59 38.99 28.17 28.96

3h 22.38 37.88 26.93 26.82

Sygg}fﬁg 1 4n 21.06 36,87 25.47 24.38

5h 20.29 35.93 23.50 23.59

6h 18.97 34.72 22.33 21.91

Corn cob

Rice husk

Figure 4.2 The pristine biochar products
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QCOnl

Bagasse

Figure 4.2 The pristine biochar products (Cont.)

4.1.2 The morphology surface of biochar

SEM analysis of CCB

The SEM pictures of CCB synthesised under different conditions are shown in Figure
10. The surface morphology of biochars had longitudinal pores with the width in the range of
4 - 36.5 pm (Table 4.2).

CCB400 °C-6 h had mainly large sized pores. At this stage of carbonization, the volatile
matter was lost in significant amounts and formed pore openings (Fu et al., 2009), whereas
CCB500 °C-6 h had some changes and multiple pore sizes. The small portion of the volatile
matter in biochar was lost gradually, bringing about the numerous pore sizes at 500 °C (Fu et
al., 2009).

When the pyrolysis temperature rose, the surfaces of CCB synthesised in 2, 4, and 6 h at
600 °C formed several small rough pores. At 600 °C, the dissolution of only one small part of
the remaining volatile matter in the biochar led to the improvement of porosity (Fu et al., 2009).
The small pores in the hive formed with approximately 4-5 pm in width were found in CCB600
%C-4 h. At high temperatures in the pyrolysis process, some pores of CCB600 °C-6 h were

destroyed, due to the long residence time. The biochar pore structures in the high temperatures

~ of the pyrolysis process lead to the melting and breaking of the biochar pores (Yavari et al,,
2015). Whereas the surface of non-modified biochar 600 °C-6 h was observed, minerals were
found on the surface of the biochar. The minerals that persisted on the surface of the biochar,
led to the blocking of the biochar surface and a decrease in the specific surface area of the
biochar.
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Figure 4.3 SEM of CCB synthesised under different pyrolysis conditions:
(a) 400 °C-6 h, (b) 500 °C-6 h, (c) 600 °C-6 h, (d) 600 °C-2 h, (e) 600 °C-4 h, (f) 600 °C-6h
(non- medified)



Table 4.2 The range of pore size of CCB synthesised under different pyrolysis conditions

CCB The range of pore size (pm)
400°C-6 h 7.59 —36.50
500 °C-6 h 5.10-18.76
600 °C-6 h 7.45—-15.59
600 °C-2 h 4.00 - 16.97
600 °C-4 h 5.24-13.79
~6009C R : 736_ 1945 e

(non-modified)

SEM analysis of BAB
The SEM picture of different BAB is shown in Figure 4.4 For biochar synthesised for 6

hy-when the-pyrolysis temperature increased from 400 °C to 600 °C, the morphology of biochar
width tended to be narrow. The width range ol BAB400 °C-6 h was approximately 7.45 — 20.69
#m. They considered that in this condition, biochar formed pore openings (Fu et al., 2009).
Whereas the pores in BAB500 “C-6 h are of various sizes, The small amount of volatile matter
in the biochar was slowly lost, this formed the various pote sizes at 500 °C (Fu et al., 2009).

When biochar was burned al 600 °C for 6 h, the total dissolution of small parts of the
volatile matter that remained in the biochar was achieved, This brought about the advantage
for the formation of the pore of BAB. Where the biochar was burned at different holding times
at 600 °C, the result was the formation of similar biochar pore widths (Figure 4.4 and Table
4.3).

The BAB showed that the pores on the surface of the biochar are longitudinal in shape,
which indicates that BAB can take up pollutants by a pore-filling mechanism,

St AvSEL . Fibw 26534
Semfotide g WO Mom Spt Som £ 200 Secal Ko T LEG SR IS 2F = > WO Sacallis € LEQ VRSP OSIT

(a)

Figure 4.4 SEM of BAB synthesised under different pyrolysis conditions: (a) 400 °C-6
h, (b) 500 "C-6 h, (c) 600 °C-6 h, (d) 600 °C-2 h, () 600 °C-4 h
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Figure 4.4 SEM of BAB synthesised under different pyrolysis conditions: (a) 400 °C-6 h,
(b) 500 °C-6 b, (c) 600 °C-6 h, (d) 600.°C-2 h, (e) 600 °C-4 h (Cont.)

Table 4.3 The range of pore size of BAB synthesised under different pyrolysis conditions

BAB The range of pore size (i m)
400 °C-6 h ' 7.45 — 20.69
500 °C-6 1y ' 5.52 —15.03
600 ‘C-6 h 3.59 — 12.55
600 ‘C-2 h 4.28 - 13.52
0 O

SEM analysis of RHB

The SEM image of RHB is synthesised under different conditions as shown in Figure 4.5
The range of the pore widths of RHB were 1.52 to 19.31 um as presented in Table 4.4 The
pores of RHB formed as vertical and narrow. The structure of biochar depended significantly
on the structure of the biomass (Yavari et al., 2015). Probably, the thin structure of rice husk
biomass influenced the formation of the pore of biochar (Yavari et al., 2015). The inside of the
pores of RHB was a rough structure and was amorphous shape. Therefore, the pore of the RHB
can participate in the pore-filling mechanism in the adsorption process.

47



e Migs BN EHER2900R
L HEBE L VD Ham

FREW 2637 A
SpatSiow = MG Secdl b = LEQ MHPAS T

tae Wags SOX  DHi=2000M  Sgel 1= 26134

Scasfpardn i W03 t5ops . Spafae il Leidba R LEO DR OS2T

(a)

Hage BIX EHT = 2300 %Y

Soral A= SE5 Flt= 28722
Spet S« 00 Sl He v LSO ISR OS2

b
%

s Mag= SIOX BN | CgwArSEl  Ris
Scaiperdn b wD= 15 LpoAfan v 210 Sefdla = LEQ 1 1SVPLE2T

SeanSeartnl ¥De 5wt

©)

1iyrs THaye BN D eaiiaws
— SmSaad=8  WOs 13en

Byl AvEEL FrLe 26394
Spt S w 200 Sefalti = LEG teSSWRAS T

(e)

(d)

. Tigure 4.5 SEM of RHB synthesised under different pyrolysis conditions: .. .. .
(a) 400 °C-6 h, (b) 500 °C-6 h, () 600 °C-6 h, (d) 600 °C-2 h, (¢) 600 °C-4 h

Table 4.4 The range of pore size of RHB synthesised under different pyrolysis conditions

RHB The range of pore size (j1 m)
400 °C-6 h 2.34—8.83
500 °C-6 h 1.52-13.79
600 °C-6 h 331 -9.10
600 °C-2 h 4.55-19.31

600 °C-4 h

3.45-10.34




SEM analysis of CFB

The SEM micrograph of CFB were synthesised under different conditions as presented
in Figure 13. The pore structure of CFB were longitudinal pores which the pore widths were in
the range of 2.90 to 15.86 pm (Table 4.5).

The pores of CFB400 *C-6 h were largest size pore when it compared with other CFB
(Table 4.5 and Figure 4.6). Synthesis conditions at 400 °C in 6 h, high amounts of volatile
matter were lost and this caused the beginning of the formation of the pores of biochar (Fu et
al., 2009). Therefore, the larger pore size was formed in CFB at 400 °C for 6 h. The SEM

pictures of CFB that synthesised at 500 °C for-6-h-and CEB synthesised-at-600-°Cfor 2 h-{o-6

h illustrated similarity (Figure 4.6 and Table 4.5). Their pores-are smaller than the pore width

of CFB400°C-6 h. Because, only a small part of the volatile matter in these biochar were
exhausted, leading to the improvement of porosity (Fu et al, 2009). The tiny pores and

- longitudinal structures-were-likely due -to-show-a-high adsorption-capacity of biochar-with-=—== == -

pollutants.
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Figure 4.6 SEM of CFB synthesised under different pyrolysis conditions:
(a) 400 °C-6 h, (b) 500 °C-6 h, (c) 600 °C-6 h, (d) 600 °C-2 h, (e) 600 °C-4 h
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Flgme 4.6 SEM of CFB'sy;EHé;i_sed under different pyrolysis conditions:

(a) 400 °C-6 h, (b) 500 °C-6 h, (c) 600 °C-6 h, (d) 600 ®C-2 h, (e) 600 °C-4 h (Cont.)

———Table4.5 The range of poie size of CFB synthesised under different pyrolysis conditions

CIB The range of pore size (1 m)
400°C -6 hh 6.76 — 15.86
500°C -6 h 4.55 - 11.31
600°C —6 h 5.66—-12.14
600°C -2 | . 4.14 — 13,10
600 °C —4h 2901048

4.1.3 The determination of SSA and TPV of CCB

The adsorption capacity of biochar is related to the specific surface area. Generally, the
high specific surface area (SSA) of biochar led to increasing the adsorption capacity (Guo &
Lua, 1998). The SSA of CCB depended on the pyrolysis temperature and holding time as
shown in Table 4.6 When CCB was synthesised at 400 °C and in 6 h, the SSA of CCB was
6.10 m?/g, at this temperature, the pyrolysis reactions were just beginning to lead to low SSA,
although the holding time was 6 h. This was due (o the imperfection of heat energy in ejecting
volatile materials (Guo & Lua, 1998). When the pyrolysis lemperature was increased to 500 °C
and 600 °C in 6 h, the SSA of CCB was 109.84, and 303.36 m%/g, respectively. This explains

- that at high temperatures, the releasing of volatile matter during pyrolysis Ied to the forimation

and increase of the surface area.
For CCB burnt at 600 °C in different holding times, the

CCB600 °C-4 h had a SSA higher than the SSA of CCB600 °C-2 h (Table 7). The long-term

of the holding times enhanced the SSA of biochar, this phenomenon is due to the completion
of the carbonization process in biochar which led to the increase of the SSA {Yavari et al.,
2015). However, when biochar was synthesised at 600 °C for 6 h, the SSA of the biochar
decreased to 303.36 m%*/g. Some pores were shrinking and were destroyed, leading to the
decrease of the SSA. This agrees with previous results (Guo & Lua, 1998), (Chun et al., 2004),

The total pore volume (TPV) is one of the major impacts on the adsorption capacity of
biochar. The effects of the pyrolysis temperature and holding time on the TPV of CCB were
shown in Table 4.6 The TPV of CCB as synthesised at 400 °C over 6 hours was quite low. At
400 °C, the reaction of the pyrolysis process had just begun (Guo & Lua, 1998). On the other
hand, the significant loss of volatile matter and the formation of pore openings were just
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starting (Fu et al., 2009), therefore this phenomenon conducted the low TPV of CCB400 °C-6
h. When the pyrolysis temperatures were increased from 500 °C to 600 °C, high amounts of
volatile matter were exhausted. This gradually led to improved porosity, where the TPV of
CCB increased gradually (Guo & Lua, 1998). The TPV of the CCB were increased during
pyrolysis from 400 °C to 600 °C in 6 h. However, the TPV of CCB600 °C-6 h was lower than
the TPV of CCB600 °C-4 h, the event was probably due to sintering of the biochar when the
holding time was excessive (Guo & Lua, 1998).

Table 4.6 The specific surface area (SSA) and_the_total pore volume (TPV) of CCB

CCB SSA (m¥g) TPV-(cm’/g)
400.9C-6 h | 610 - 0.0019
500 °C-6 h 109.84 0.0436
600-2C-6-h 303:36 - 0:1131
600 °C-4 h 35022 0.1335
600 °C-2 h 280.67 0.1079

4.2 The selection of good biochar through the comparison of the Qy

The main factor affecting the Qo of biochar is the pyrolysis conditions in burning process
of the biochar. The most effective biochar was chosen by the comparison of the Qo. The four
kinds of biochar with comparison of the Qg are shown in the following seclions;

4.2.1 Comparison the CCB by the Qq

Figure 14a shows the effect of pyrolysis temperature on the Qg of CCB. The burning
temperature of biochar increased from 400 °C to 600 °C in 6 h and the Qg increased from 6.11
to 13.79 mgfg. The high pyrolysis temperature improved the morphology of the surface area
(Figure 10), TPV, and SSA of CCB (Table 4.7). Morcover, the adsorption ability of biochar
depended significantly on the TPV and SSA (Wang et al,, 2018). The TPV and SSA data of
CCB increased in the order 400<500<600 “Cin 6 h (Table 4.7), these results led to an increased
Qo, when the burning temperature of biochar increased from 400 “C to 600 °C in 6 h. From the
results, the high value of TPV and SSA of CCB can be the adsorption of high amounts of
atrazine pollutant. The increasing value of TPV and SSA were likely due to the increasing of
adsorption sites in biochar. Hence, when the pyrolysis temperature increased, and the Qo of
CCB increased,

The Qg of CCB synthesised from 2 to 5 h at 600 °C were in the range of 11,73 - 16.22
(mg/g) (Figure 4.7b and Table 4.7). These results are explained through an increase of the value
of TPV and SSA of biochar. The adsorption ability of biochar was strangly influenced by TPV

- and-SSA.(Wang et al:;2018): The TPV and SSA of CCB were increased by the holding time

from 2 to 4 h in the pyrolysis process (Table 4.7). The high value of TPV and SSA were likely
due to more sites for atrazine adsorption in the biochar and this led to the increasing of Qo.

However, after 5 h of holding time, the Qo of CCB600 °C-6 I was decreased to 13.79 (mg/g),

the TPV and SSA of CCBG00 °C-6 h were decreased in 303.36 m%g, 0.1131 cm’/g,
respectively. The decreasing of the Qo was proved by the decreasing of TPV and SSA of
CCB600 °C-6 h. Because of a long holding time in the synthesised process, the porous structure
of CCB was destroyed, thus the SSA decreased (Yavari et al., 2015), Therefore, the increase
of holding time in the biochar synthesised process led to the increasing of the Qq. However, if
the holding time was too long, the Qgof the CCB decreased.
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“Figure 4.7 Thie efféct of pyrolysis conditions on the Qo of CCB: (a) The pyrolysis
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equilibration time = 48 h)

Table 4.7 The Qo of CCB synthesised under different pyrolysis conditions

Different pyrolysis temperature for 6 h | Different holding time at 600 °C
Biochar
400°C | 450°C | 500°C | 550°C | 600°C | 2h 3h 4h Sh 6h
Qo 611 | 6.70 | 999 |11.48 |13.79 | 11.73 | 16.28 | 16.30 | 16.22 | 13.79
(mg/g)

4.2.2 Comparison the RHB by the (g

Figure 15a shows the influencing of pyrolysis temperature on the Qg of RHB. The Qo
increased from 10.10 to 14.00 mg/g, when biochar was synthesised from 400 to 500 °C in 6 h
(Table 9). This explains that the increasing of the pyrolysis temperature due to enhance the
SSA (Guo & Lua, 1998). The adsorption ability of biochar depended on the TPV and SSA
significantly (Wang et al.,, 2018).

However, the pyrolysis process was performed from 550 °C to 600 "C in 6 h, the Qg of
biochar decreased from 11.2k0 to 9.50 mg/p. Probably, at 550 °C to 600 °C, the SSA of biochar
could decresea due to the high temperature led to the change in form of the pores of the biochar
(Yavari et al., 2015). This caused the reduction in the Qg of RHB that synthesised at 550 °C to
600 °Cin 6 h. :

... The Qo of RHB synthesised from 2 to 4 h at 600.°C was in.the range of 9.20.- 11.20 .
(mg/g) (Figure 15 and Table 9). Possibly, this was expounded through the dissolution of the
volatile matter. When the holding time increased, there remains of a small amount of the
volatile matter was released causing increasing the SSA and Qg (Fu et al., 2009). Nevertheless,
the Qo of RHB decreased at the synthesis condition at 600 °C in 6 h. High temperatures and
prolonged holding time could cause decreasing the SSA and Qg (Yavari et al., 2015).
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Tigure 4.8 The effect of pyrolysis conditions on the Qo of RHB: (a) The pyrolysis
temperature, (b) The heating time (dosage of RHB = 1.5 g/L, [Atz]: 10-25 g/L,
equilibration time = 48 h)

Table 4.8 The Qo of RHUB synthesised under different pyrolysis conditions

Different pyrolysis temperature for 6 I | Different holding time at 600 °C
Biochar
' 400°C | 450°C | 500°C | 550°C | 600°C | 2h | 3h | "4h 5h 6h
Qo 10.10 | 13.00 | 14,00 | 11.20 | 9.50 [ 9.20 | 8.90] 11.20 | 10.90 | 9.50
(ng/g)

4.2.3 Comparison the BAB by the (g

The results of the pyrolysis temperature effected on the Qg of BARB shown in Figure 16a
and Table 10. The biochar was synthesised from 400 to 600 °C in 6 h, the Qg increased from
9.50 to 15.50 mg/g (Figure 16a and Table 10). This is duc to increasing the pyrolysis
temperature to raisc the specific surface area (Guo & Lua, 1998). The adsorption ability of

biochar depended on the high SSA (Wang et al., 2018).

The influencing of the holding time on Qp of BAB as shown in Figure 16b and Table 10.
Qo of BAB is synthesised from 2 to 6 h at 600 °C was in the range of 12.20 - 15.50 (mg/g).
Possibly, this is related to the dissolution of volatile matter. When the holding time increased,

the remains of a small amount of volatile matter was exhausted leading to the augmentation of
SSA and Qg (Fu et al., 2009).
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Figure 4.9 The effect of pyrolysis conditions on the Qo of BAB: (a) The pyrolysis
temperature, (b) The heating time (dosage of BAB = 1.5 g/L, [Atz]: 10-25 g/L,
equilibration time = 48 h)

Table 4.9 The Qo of BAB synthesised under diffevent pyrolysis conditions

Different pyrolysis temperature for 6 h | Different holding time at 600 °C
Biochar
400°C | 450°C | 500°C | 550°C | 680°C | 2h | 3h | 4h | 5h | 6h
Qo 950 | 1150 | 1200 | 131 | 1500 | 1220 | 1400 | 13.7 { 140 | 15.00
(mg/g)

4.2.4 Comparison the CIB by the Qg

The effect of pyrolysis temperatures and holding times on the maximum adsorption
capacities of CFB are ilfustrated in Figure 17 and Table 11. For the effect of pyrolysis
temperatures on the Oy, the O of the biochar was achieved at 550 °C in 6 1 (128.70 mg/g). The
Qo of biochar that was pyrolysed at 400 °C and :
550 °C was augmented from 18.90 to 128.70 mg/g. This suggests that increasing the pyrolysis
temperature would argument the specific surface area (Guo & Lua, 1998). The high SSA brings
about a high adsorption capacity of biochar (Wang et al., 2018),

For the effect of holding times on the Qq, the Qg of biochar was succeeded at 600 °C in 4
h (141.70 mg/g), this is clarified as the effect of pyrolysis temperatures on the Qp. The value of
Qo was slightly decreased as observed in CFB at 600 °C in 6 h. Possibly, the longer holding

. time at high temperature in the pyrolysis process causes the decreased specific surface area of -~ -

CFB (Yavari et al., 2015). This result is similar to the result of CCB.
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Figure 4.10 The effect of pyrolysis conditions on the Qo of CFB: (a) The pyrolysis
temperature, (b) The heating time (dosage of CFB = 1.5 g/L, [Atz]: 10-25 g/L,
' equilibration time = 48 h)

Table 4,10 The Qo of CFB synthesised under different pyrolysis conditions

Different pyrolysis temperature for 6 k | Different holding time at 600 °C
Biochar

400°C | 450°C | 500°C | 550°C | 600°C | 2h | 3h 4h 5h 6h
(m?g(/)g) 1890 | 1470 | 2540 | 12870 | 10700 | 2890 | 5740 | 14170 | 11290 | 107.00

4.3 Characterization analysing of the optimum of four kinds of biochar

4,3.1, The pHpzc of the optimum biochar

The pHpzc values of the four kinds of biochar (CCB600 "C-4 h with HF modification:
(CCB), RHB500 "C-6 h with HE modification: (RHB), BAB600 "C-6 h with HF-H;SO4
modification: (BAB), CFB 600 "C-4 T with HCI modification: (CFB)) were from 0.7 to 0.75
and are indicated in Figure 18. They show that a positive charge will generate on biochar
surface, when the pH of the solution is lower than pHpzc values. If the solution has pH higher
than the pHpzc values, the biochar surface will be negatively charged (N. Liu et al., 2016).

The pHpze of biochar results (0.7 - 0.75), shows that the pH range varies greatly, and
expresses the electrostatic interactions which may occur between biochar and pollutants when

- the pH of the solution is higher. than pHpzc values (Komnitsas, Zaharaki, Bartzas; & Alevizos, -

2017). The pHpzc values of the biochar, as illustrated, shows high adsorption proficiency of
pollutants in the anionic form (Hafshejani et al., 2016).

4-15



1 1
pHpze =0.72
T
= =3
5 Pripro 0o & . intial pH
= 0 . intiat pH 17: 0 [') 5 5 & é
N .
s . 2
b
iS5 Iy
14 |
{a) '\ {3)] }}a
-2 Y
el 3
pHpze-=-0:7
pHpze = 0.7 - ity
L [+ . .
= edial pH T ool e 'mtla!pl:i ‘
£ 00 * L 1 & .—_
= 0 \ 3 i s 1 P z?\«_\_é\ 6
5 lr—-‘“—"—. G
= &
c
g &,
0.5
() ©)
g .

Figure 4.11 pHpzc values of the optimnum biochar: (a) CCB, (b) RHE, (¢) BAB, (d) CFB

4.3.2. Specific surface area and total pore volume of the optimum biochar

The specific surface area (BET) and total pore volume (TPV) of the four kinds of biochar
are shown in Table 12, Table 12 indicates that the specific surface area of CFB and CCR are
higher than those of RHB and BAB. The original biomass and the pyrolysis conditions
influenced the physical and chemical properties of biochar (Yavari et al., 2015), this also
affected the specific surface area (BET) of the biochar, Morever, the biomass original structure
is due to the determination of the porosity structure and the specific surface area of the biochar
(Yavari et al,, 2015). If the large specific surface atea exists on the surface of the biochar, it
has more interfaces for pollutant adsorption (G. Tan et al., 2016).

The pore size of the biochar played an important role in pore-filling adsorption. The pore
size distributions of the four kinds of biochar are presented in Table 12. The pore volume
distributions (%) in pore sizes of micropores (< 2 nm) and narrow mesopores (2-20 nm) were

_.in the range of 7.90 - 21,24 % and 56.57 - 69.22 %, respectively.. The pore size of the biochar. ... ..

is very important in performing the uptake of the adsorbate (Wang et al., 2018).
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Table 4.11 The specific surface area (SSA), the total pore volume (TPV), and the pore size
distributions (%) of biochars

The pore size distributions (%) of biochars
Biochar (slszg) (‘E%) Micropores 11:::(:‘:2:'15 Mg(ﬂ)soges Macropores
({ 2 nm) (2_20] i) nm) (> 50 nm)
cCB 292,92 | 0.117 21.24 56.57 10.39 11.81
RHB 1532771 0.055 7.90 59.26 13.97 18.87
BAB | 67.42-{ 0.029 16.88 - 59,29 15,751 8.07
CFB_ 402.43 1 _0.151 17.40 69.22 6.10 7.28

4.3.3, The acid and base functional groups of the optimum biochar
The values of the acid and base functional groups of the biochars by Boehm titrations

method are shown in Table 13. The total acidity of RHB and CFB were higher than those of
CCB and BAB. The tofal basicity of the biochar are similar (Table 13). The total acidity is
defined by oxygenated groups including carboxyl, lactonic, and phenolic. Whereas, the surface
base functional group are presented by the ketone group. Both of the acid and base functional
groups can act as the efficiency adsorption sites for pollutant removal (Hai Liu et al., 2015).

Table 4.12 The surface chemistry of the biochars
Carboxyl = Lactonic — Phenolic  Total acidity = Total basicity

Biochar (mmol/g) (mmol/g) (mmol/g) (mmol/g (immol/g)
CCB 0.250 0.250 0.250 0.750 - 0.285
RHB 0.500 0.400 0.500 1.400 0.285
BAB 0.200 0.100 0.200 (.500 0.228
CFB 0.375 0.250 0.625 1.250 0.285

4.3.4. The hydrophilic properties of the optimum biochar

.The hydrophilic property of the four kinds of biochar were tested by the contact angle ... ..

method. This test indicated that the surface of the four kinds of biochar (CCB, RHB, BAB, and
CFB) were totally wet with water (8 < 30%), This indicates that the four kinds of biochar have
significant hydrophilic properties. If biochar has a hydrophilic ‘property, it enables the
penetration of water in the pore (Z. Liu et al., 2017). This shows that the advantage of pollutant
diffusion is conducted by the intrapores of biochar leading to a high adsorption capacity.
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Figure 4.12 The result of the contact angle method of biochar

4.3,5. FT-IR of the opfimum bicchar

The FT-IR resulis show the qualitative value of the surface functional groups of biochars.
The FT-IR spectra of the biochars are shown in Figure 19 and Table 14. The spectra show the
existence of eight major functional groups on the surfaces of the biochars.-

The bands around 1216 and 1217 cm™ were ascribed to the aromatic C-Q stretching of
phenolic hydroxyl (Chun et al., 2004). The bands at around 1045 and 1099 em™ were ascribed
to the aromatic C-O stretching of alcohol (Saffari, Karimian, Ronaghi, Yasrebi, & Ghasemi-
Fasaei, 2015). Peaks at around 8§78 and 719 em™! were assigned to the aromatic C-H out-of-
plane bending mode. These peaks show the aromatic benzene rings presented on the biochar
surface (Tran, Wang, You, & Chao, 2017). The peaks al around 2911 and 2845 cm™ were
ascribed to C-H siretching of the alkyl group (Kinney et al., 2012). The 3000-3600 cm™® peak
area was assigned (0 (he stretching vibration of the hydroxyl groups and presented significant
H-bonding interaction (X. Chen et al., 2011), Peaks around 1736 and 1715 cm! represented
the carbonyl group C=0, and they could indicate ketone, carboxylic acid, and ester. These
groups are also the indicators of H-bonding interaction (N. Liu et al., 2015),

The bands at 2354 and 2299 cm™ tepresented ketone groups C=0 with stretching
vibrations (Nuithitikul et al., 2010). The band arcas around 1563 and 1601 em™ were assigned
to the aromatic C=C (Ahmad et al., 2007),

From FT-IR analysis, the major functional groups of the biochars including ketone,
carbonyl, and aromatic organic molecules which are unsaturated hydrocarbons. The hydroxyl
group is also the predominant molecule on the biochars. All these functional groups can cause

~H-bondinginteractions between the biochars and the pollutants. Additionally, the aromatic ™

functional group of the biochars has the z-n EDA interaction with the pollutants (N. Liu et al.,

2015). The alkyl group of biochars have hydrophobic properties (Kinney et al., 2012) and this

group can constitute the hydrophobic interaction with pollutants.
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Table 4,13 FT-IR spectra results of the optimum biochar

The functional CCB RHB BAB CFB
groups of
- biochar Wavenumber (em™)
Aromatic C-H 871-744 719 847-748 878-750
C-O stretching of 1045 1063 1099 1070
alcohol
C-0 s{retchmg of 1216 i 1216
i .phenohc l]yd]'oxy[.. TS IR S iR O
Aromatic
i 1568 1601 | 1563 1571
Carbonyl group 1734 1716 1736 1715
C=0
Keto(':‘f o P 1 2383-2299. 2299 2382-2208 | 2354-2299
Aliphatic C-H | 2915-2846 | 2915-2845 | 2911-2845 2915-2845
OH group 3600-3000 | 3600-3000 | 3600-3000 3600-3000




4.4 Effect of the biochar dosage and the pH of the solution on pesticide adsorption onto
the biochar

4.4.1 Lffect of the biochar dosage on pesticide adsorption onto the biochar

Biochar dosage plays a key role in poliutant adsorption efficiency. Figure 21 shows the
effect of the dosage of CCB600 °C-6 h on atrazine removal efficiency. It indicated that the
highest removal efficiency of atrazine at biochar dosages of 1.5 g/L was 89.60 %. As the dosage
of the biochar is increased from 0.25 to 1.5 g/L, atrazine removal increased from 17.55 % to

was slightly decreased from 88.63 to 81.12 %. The increasing dosage of biochars from (.25 to

1.5 g/L leads to the increasing percentage of atrazine removal due to the increase in the total
| increasing of the biochar dosage from 2 to 8 g/L leads fo a reduction in the percentage of

atrazine removal of biochar due to the aggregation of the biochars (X. Chen et al., 2011).
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Figure 4.14 Effect of CCB dosage on atrazine adsorption ([Atr] = 10 mg/L, equilibration
time = 60 h, pH = 6.5)

. Percentage removai (%)

....4.4.2, The influence of pH on pesticide adsorption onto the biochar ... ...

The influence of pH on atrazine adsorption onto the biochar (CCB, RHB, BAB, and
CFB) - ' SR - S B
The values of the pH is a main factor that effects adsorption behaviour (Yue et al., 2017).
The pH of the solution influenced the atrazine removal as illustrated in Figure 22 and Table 15.
The percentage of highest removal of atrazine by biochars are achieved at a pH of 1.5 and 2.0.
This is demonstrated by the ionzation of atrazine (pKa ~1.68) (Yue et al., 2017) and the change
of the charge surface of the biochar, When the pH was adjusted at 1.5 and 2.0 which were
approximately similar to the pKa of atrazine (1.68), the atrazine changed in two forms: the
cationic form and the non-ionic form (Yue et al., 2017) (Figure 23 ). Whereas, at these pH
levels, the surface charge of the biochar was generated negatively charged, because of the pH
of the solution is higher than pHpzc of biochar (pHpze = 0.7 — 0.75) (N. Liu et al., 2016). The
carboxylic acid was considered to convert to carboxylate anions (Essandoh, Wolgemuth, Jr.,
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89.60 %. However, if the dosage of biochar increased from 2,0 to 8.0 g/L, the atrazine removal .



Mohan, & Mlsna, 2017). Therefore, the electrostatic interaction occurred between the
negatively charged biochar surfaces and the cationic form of atrazine at pH of 1.5 and 2.0
(Figure 24),

When the pH of the solution was controlled from 4 to 12, the percentage of atrazine
removal decreased gradually (Figure 22, Table 15), and the percentage of the lowest removal
of atrazine by biochar occurred at pH of 12, This is explained according to when the pH value
increased, the cationic proportion of atrazine was reduced (Yue et al., 2017). In addition, as the
pH of the solution was higher than the pHpzc of biochars (pHpzc = 0.7 — 0.75), the surface
charge-of_the-biochars—were-negatively-charged—Rrobably,—this-causes-the-reduetion-of-the

- electrostatic interaction-between-atrazine ions and- the surface-charge of the biochar; This-led

to a decrease in the percentage removal of atrazine by the biochar. Moreover, at a high pH (pH-
> 8), the phenolic hydroxyl groups of biochar increased deprotonation. This was brought about

--by-the-rising-of the density ofnegative-charges-on-the biochars (Essandohretal; 201 7);and thig ="

also affected the decreasing of the percentage of atrazine removal. Hence, the lowering of the
percentage of atrazine removed by the biochar when the pH is higher.
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Figure 4.15 The influence of pH on the efficiency of atrazine removal by the biochars:
(a) CCB, (b) RHB, (c) BAB, (d) CFB (biochar dosages = 1.5 g/L, [Atz] = 15 mg/L)
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Table 4.14 The pH of the solution effected the efficiency of atrazine removal by the

biochars
H The atrazine removal by biochar (%)
P CCB RHB BAB CI'B
1.0 87.17 78.40 81.56 - 95.99
1.5 90.32 85.78 83.05 97.27
2.0 89.79 84.71 81.66 97.11
4.0 87.54 82.62 _ 80.97 96.04
6:L 8712 80-17 7541 93.85
8.0 8412 | 7610 73.27 2 T
10.0 76.80 75.89 65.57 89.09
12.0 71.40 69.69 53.76 78.62
cl cl
N SN N N

AN A

|
N7 “NHCH,CHy —— H30—(|)-—1‘IJ N7 NHOH,CH
CHy, H  H

Figure 4.16 Atrazine changed in the cationic form in the acid condition
Sources: (Santos & Masini, 2015)

Electrostatic interaction

Cationic form of atrazine /o Carboxylate anion

Figure 4.17 The electrostatic interaction befween atrazine and biochars around pH of

1.5 and 2.0: the cationic form of atrazine and carboxylate anions on the biochar surface

The influence of pH on 2,4-D adsorption onto the biochar (CCB, RHB, BAB, and CFB)

The pH of solution influenced on the 2,4-D removal by biochars were indicated in Figure -
25 and Table 16, The result observed that the efficiency of 2,4-D removal decreased, when the
pH values increased. The electrostatic interaction was engendered by the surface of the biochar
and 2,4-D, depending on changes in the pH of the solution (Njoku &.Hameed, 2011). The
percentage of the highest removal of 2,4-D was succeeded at a pH of 2.0, which was performed
by the electrostatic attraction. At a pH of 2, the 2,4-D was formed as positively charged (Njoku
& Hameed, 2011), because the pH of the solution is lower than pKa of 2,4-D (2.8) (Herold et
al., 2003). While, the surface charge of the biochars are negatively charged, when the pH of
the solution is adjusted higher than the pHpze values of biochar (pHpze = 0.7 - 0.75) (N. Liu
et al,, 2016). Hence, at a pH of 2, an electrostatic attraction occurred between the negatively
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charged biochar and the positively charged 2,4-D which brought about the highest removal of
2,4-1 for biochars.

When the pH of solution were adjusted from 4 to 12, the percentage of 2,4-D removal
decreased graduwally (Figure 25 and Table 16). This was demonstrated by electrostatic
repulsion. When the pH values of the solution is increased (pH > 2.8), the 2,4-D was changed
in a large fraction of the anionic form (Njoku & Hameed, 2011). In addition, the surface charge
of the biochars were negatively charged, because the pH of the solution were higher than the
pHpzc of the biochars (pHpze = 0.7 — 0.75). Therefore, at a pH from 4 to 12, electrostatic
repulsion was generated between the 2,4-D in anionic form and_the negatively charged biochar

_surface, leading to the decrease of 2,4-D removal. This result is similar to the previous work.of .

Essandoh et al, (2017). ‘ . :
In addition, at a pH of 12, the percentage of 2,4-D removal by biochar was the lowest, If

. the pllof the solution.is. higher than 8,.the.phenolic hydroxyl groups-ef-biochar are-increased- - o oo

deprotonation, causing the rising the density of negative charges on the biochars (Essandoh et
al., 2017). This led fo the repulsion that occurred between the phenolate anions of biochar and
the carboxylate anion of 2,4-D (Essandoh et al., 2017) (Figure 26a). On the other hand, the

carboxylate anions of both biochar and 2,4-D were generated and caused the repulsion between
of them (Essandoh et al., 2017) (Figure 26b). Therefore, the pH of the solution was highest,
causing the efficiency of the percentage of 2,4-D removal to be the lowest.
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Figure 4.18 The influence of pI on the efficiency of 2,4-D removal by biochars: (a)
CCB, (b) RHB, (c) BAB, (d) CFB (biochar dosages = 1.5 g/L, [2,4-D] = 50 mg/L)
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Table 4.15 The effect of the pH of the solution on the efficiency of 2,4-D removal by

biochars

H The 2,4-D removal by biochar (%)
P CCB RHB BAB CFB
2.0 93.85 75.27 86.45 95.44
4.0 40.06 34.73 45.92 64.38
6.0 31.07 14.67 25.92 40.59
8.0 28.46 9.05 22.60 38.17
10.0 —8.82 213 840 12:37
12.0 8.40 1.36 6.21 3.43

o Electrostatic
repulsion

= of O ol

@ (=3 eso)k/o/l

=] o X
Phenolate anion / \ 2.4-D ¢l
{a 9 e 5

(a)
Electrostatic
repulsion
o o (0] Cl
e e )j\/o
e [ R
O e <
Carboxylate anion o A 24-D Cl
(b)

Figure 4.19 The electrostatic repulsion between 2,4-D and biochars at pH > 4: (a) the
phenolate anion on the biochar surface and carboxylate anion of 2,4-D, (b) the
carboxylate anion on the biochar surface and carboxylate anion of 2,4-D

The influence of pH on pymetrozine adsorption onto the biochar (CCB, RHB, BAB, and
CFB)
Figure 27 and Table 17 show the influence of the pH of the solution on the pymetrozine

- removal using biochar. The jonization constants of pymetrozine is a main factor in'controlling

the effective removal of pymetrozine depending on the pH of the solution,

The percentage of pymetrozine removal was the highest between pH 3.0 and 4.0 (Figure
27 and Table 17). The formation of the H-bonding interaction around these pIT levels were
between the H from hydroxyl, and the carboxylic groups of the biochar and the N atom of
pymetrozine. At these pH values, as the solution is acidic, the proton (II") was added to the N
atom (EFSA, 2014), therefore the N atom of the pyridine ring had protonation (pKaz = 4.0,
dissociated 99.4 %), this brought about more electrons that caused a negative charge on the N
atom. One of the H-bonding forms was created using an H atom and an electronegative N atom
(IUPAC, 2014). In the pyridine ring, the electronegativity of an N atom was higher than the
clectronegativity of C, this led to a positive charge on the nucleus and a negative charge on the
N atom (Sykes, 1985). Carboxylic acid, and phenolic groups of the biochar can generate a
hydrogen bond donor (Essandoh et al., 2017). Hence, the H-bonding interaction is formed using
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H from carboxyl, phenolic and alcohol groups of the biochar and N atom from the pyridine. .
ring of pymetrozine. The H-bonding interaction mechanism is shown in Figure 28b. 0oA

The second high level of pymetrozine removal were observed at a pH of dpproxunateiy
0.7 (Figure 27 and Table 17). At this pH, the proton (H*) was added to the N atom 1 of the
triazine ring, it led to protonation (pKa < 1, dissociated 99.4 %) (EFSA, 2014). The N atom
of the triazine ring carried electronegativity, which could have interactions with H from
carboxyl, phenolic and alcohol groups of biochar through H-bonding (Figure 28a).
Additionally, using the Huckel method to determine the charge of the atoms of pymetrozine
was evaluated by the ChemBio3D software. The charge of N atomn 2 of the triazone ring showed

a negative charge of approximately - (.17, whereas the charge of N atom of the pyridine ving,

had a negative charge of approximately - 0.23. Both N atoms where involved. in H-bonding
with H from, phenol, alcohol, and carboxy!l groups of biochar. From the calculations using the

.. Huckel method, the N.atom charge of the pyridine.ring,-has-a-higher negativity thanthe Natom—

2 charge of the triazone ring. Therefore, the percentage of pymetrozine removal at pH < 1, is
lower than removal in the range of pH of between 3.0 and 4.0 (Figure 27 and Table 17).
When the pll levels were in the range of 6 to 10, the percentage of pymetrozine removal

were slightly decreased (Figure 27 and Table 17). Possibly, the increasing of pH values cause
the decreasing of the ionization of the pyimetrozine, leading to a reduction in the percentage of
pymetrozine r

emoval. Probably, at these pH values, the adsorption mechanisms, including pore-filling, n—
EDA, hydrophobic interactions, participate in the removal of pymetrozine,

When the pH fevels of the solution were changed to 11.4 or 12, the pymetrozine removal
decreased significantly (Figure 27 and Table 17). When the pH of the solution was
approximately 11.4 or 12, the N of the triazinone ring had deprotonation, which removed the
proton in the amine group of the triazinone ring. The protonation caused N of the triazinone
ring carried a positive charge (EURL-SRM, 2016). This did not form the H-bonding interaction
between H from the functional groups of biochar, and the N atom from the triazinone ring
(Figure 28c). This led to a decrease in the percentage of the pymetrozine removal in the pH
value range of 11.4 to 12,
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Figure 4.20 The influence of pH on the efficiency of pymetrozine removal by biochar:
(2) CCB, (b) RIB (¢) BAB, (1) CI'B (biochar dosages = 1.5 g/L, [Pym] = 20 mg/L)

Table 4.16 The pH of solution effected on the efficiency of pymetrozine removal by the

biechars :

H The pymefrozine removal by biochar (%)
P CCB " _RUB BAB CFB
0.7 93.58 84.09 92.31 96.18
2.0 91.04 78.69 87.80 95.17
3.0 94.75 87.54 02.47 96.34
6.0 93.00 86.37 89.02 95.92
8.0 91.41 85.52 85.95 ..95.76
10.0 84.57 80.12 82.66 93.64
11.5 73.59 80.06 68.88 84.04
12,0 69.51 80.01 64.95 79.22
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Figure 4.21 The interaction befween pymetrozine and biochar: (a) the H-bonding
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4.5 Adsorption isotherm models of pesticides adsorbed on the biochar (CCB, RHB,
BAB, and CFB)

4.5.1. Adsorption isotherm models

The adsorption isotherms of the pesticides and the biochars that were investigated in this
study. Tables 38, 39, 40, and 41 indicated that the Langmuir model and the Freundlich model
fitted the experimental data.

Mostly, the Langmuir model was more appropriate than the Freundlich model. The R? of the
Langmuir model were higher than the R? of the Freundlich model (Tables 38, 39, 40, and 41). This
showed that monolayer adsorption of pesticides occurred on the surface of the biochars. However,
the experimental data of CFB with atrazine, RHB with 2,4-D, and CCB with dichlorvos (Tables

4-27



38, 39, and 41) fitted the Freundlich model, this indicated that multilayers and heterogeneous
adsorption occurred on the surface of biochars. The data indicated in Tables 38, 39, 40, and 41, the
Ry values were higher than 0 and less than 1, it was in the range of 0.0001 to 0.0033 and
demonstrated the favorability of the biochars for pesticide adsorptions (Essandoh et al., 2017).

Table 4.17 Isotherm parameters of atrazine adsorption onto the optimum biochars

Biochar
Models Parameiers
CCR RHB ' BAB CI'B
Qo (mg/g) 19.2 161 15.0 18.4
K. (L/mg) 0.67 0.67 0.87 3.10
- Langmuir.. .= e Sfer—— e ! T
Ri, 0.0021 0.0025 0.0026 0.0022
R? 0,985 0.992 0.983 0.976
P T
Ke(mg g ) 7.82 6.63 7.16 14.87
(mg L'
Freundlich | 1/, 0.45 0.44 0.39 0.44
R 0.940 0.991 0.951 0.988
Table 4.18 Isotherm parameters of 2,4-D adsorption onto the eptimum biochar
Biochar
Models Parameters
CCB RHB BAB CFB
Qo (mg/p) 41.7 28.6° 36.7 367.7
Ki (I/mg) 0.46 0.74 0.98 0.05
Langmuir
R, 0.0010 0.0014 0.0011 0.0001
R? 0.993 0.956 0,996 0.968
1
K (mg g3 1 1499 12.83 | 1758 18.36
(mgL.7)
Freundlich | 1/, 0.40 0.31 0.32 0.84
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‘Table 4.19 Isotherm parameters of dichlorvos adsorption onto the optimum biochars

. Biochar
Models Parameters
CCB RHB BAB CIB
Qo (mg/g) 29.9 40.3 28.0 90.9
K1, (L/mg) 0.32 0.18 0.16 0.09
Fangmuir
R < -0.0013 -1 0.0010 |- 0,0014 | 0.0004 -
RZ | 0.992 | 0.999 ©0.999 0.992
(mg L) 7 7.07 6.17 4.32 7.99
Freundlich | 1/, 0.66 0.71 0.67 0.84
2 0.998 0.992 0.999 0.987

Table 4.20 Isotherm parameters of pymetrozine adsorption onto the optimum biochars

The pesticides
Maoadels Parameters
CCB RHB BAB CFB
Qo (mg/g) 383 25.9 20.8 94.4
KL (L/mg) 0.51 0.57 1.19 0.20
Langmuir
R 0.0010 0.0015 0.0019 0.0004
R? 0.997 1.000 0.978 0.995
Ky (mg g)
(mg L 1) @ 12.38 Q12 10.45 15.00
Freundlich { 1/, 0.66 | 0.4 0.36 0.82
R? 0.982 0.979 0.878 0.985

4.5.2. 'The shape of the isotherm models of biochar and pesticides

- ~The shape of the isotherms of biochar and ‘pesticides illustrates two forms including H

and L shapes (Figures 53, 54, 55 and 56). Both H and L shapes of isotherms illustrates
chemisorption interaction (Somasundaran, 2004). The isotherm of the CFB and four pesticides
express the H shape. The H type isotherm illustrates very strong adsorption between the
pesticides and biochar (Somasundaran, 2004), this is due to the high specific surface area of
CFB (Table 12) led to more adsorption sites for pesticides (G. Tan et al., 2016). On the other
hand, the isotherm of the CCB, RHB, and BAB and dichlorvos express the H shape of the
isotherm. This is expounded by the molecular size of the pesticides (Table 22), the diameter
geometry of dichlovors is smaller than those of another pesticides. This is due to the quick
transfer into the pores of the biochar. The potential density of adsorption depends on the
molecular diameter of the adsorbate, the smaller in the molecular diameter of the adsorbate is
more advantageous to reach the maximum adsorption capacity via the pore-filling mechanism
(Nguyen, Cho, Poster, & Ball, 2007). :
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Table 4.21 The geometry of the molecular dimension of pesticides were determined by

ChemBio3D software
. Dimension
Pesticides . .
(Iength x width x height)
Atrazine .86 x 0.36 x 0.32 nm
- 2,4-D Na 1.54 x 0.56 x .22 nm
Dichlorvos 0.73 x 0.26 x 0.61 nm
Pymetrozine 1.11 x 0.19 x 0.56 nm
16 16
,_‘—o—f-t'—"//. .
12+ y —* e v 12 ——
¥ ek /’/_— y-—v—""7
oYy A — A N 4 v A
S D AP0 e g9 l ) A N A
S slyazete—" & S T e
£ [/ & 84 S e
- goa—A— T —u T T . .
- R ..
4 =10 mglL /"’./- —=—10
~e—1smot 4- ism
——20 m —h— 17 ﬂ}gn.-
—4—25mgh. —v—20mgh.
OJI o —4—25mglL
T 1 T T T T T =
i 8 18 24 32 40 48 6 M 1'6 2‘4 3'2 4‘0 ?8
TIgEE (hgur) Time {hour)
_ (a) (b
16 - 16 e
a1
. s
—_— v
12 o— S w2l f a7
v LS~ — A
/‘ X X I 2 /‘”‘
St . o* g
— == o, " F & ~— &
g 8 /* :or"" \ ‘ = g 8
\Ez /. g n—3 = : | 2 |
o /. n—u——n " n 8 of -
.
E —— 0 mgiL
4 _— }g m”’?& 4 ——{5mgh
—&— 17 mg/L. —A— ) mg/.
—v—20mgL —¥— 25 mgh
o] —4—25mglL 0. —— 30 mgh.
T T T T T T L Y T ! ! ' T ]7. .
e G B g B g g T g e e g e G e B
Time {hour} Time {hour)
() G

Figure 4.22 The capacities of atrazine adsorption on optimum biochars: (a) CCB, (b)
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